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2014 US P5 report: 

“Use the Higgs boson as a new tool for discovery.” 

2017 JAHEP report: 

“In light of the recent outcomes of the LHC Run 2, 
JAHEP proposes to promptly construct ILC as a Higgs 
factor with the center-of-mass energy of 250 GeV in 
Japan.” 

2020 European  Strategy for Particle Physics: 

“An electron-positron Higgs factory is the highest-
priority next collider.”

3 Michael Peskin yesterday





Higgs exists!

Let there be light

High resolution channel despite the small branching ratio (0.23% @ 125.09 GeV). 
Diphoton events fall in exclusive ttH, VH, VBF and untagged categories, and 
an unbinned combined maximum likelihood fit is applied on mγγ
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What is my

production mode?

H → ZZ has high resolution and large S/B. An 
event categorization is performed based on the 
different production modes (number of leptons, 
jets, b-jets and MET) and ME based discriminants 
sensitive to signal and background kinematics
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7 exclusive categories

for the main Higgs production modes

CMS-HIG-16-041
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LEP/SLC, Tevatron

Babar 
Belle 
LHCb LHC

Why do we still care?



Universe is filled with Higgs
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宇宙のあらゆる場所，あなたの眼の前
にすら，「ヒッグス粒子」が満ちている
　素粒子物理学の標準モデルでは，もう一つ未発見の素粒子
の存在が予言されています。それが「ヒッグス粒子」です。

　標準モデルによると，宇宙空間のあらゆる場所，真空や物
質の内部にさえ，ヒッグス粒子が満ちていると言います＊。
魚が周囲に満ちている水の存在に気づかないであろうよう
に，ヒッグス粒子はあらゆる場所に満ちているため，私たち
はその存在に気づいていないのです。

　ヒッグス粒子は，あらゆる素粒子の「重さ（質量）」を生
みだす源だと考えられています。標準モデルによると，本来，
あらゆる素粒子は質量がゼロだと考えられているのです。質
量とは，「物体の動かしにくさ」（より正確には「加速のしに
くさ」）を意味します。質量の小さな（軽い）ピンポン球は，
小さな力でも，いきおいよく動かすことができます。しかし
質量の大きな（重い）砲丸は，大きな力を加えないと，いき
おいよく投げることはできません。

　ヒッグス粒子が空間に満ちているため，素粒子が動こうと
すると，ヒッグス粒子と衝突してしまうことがあります。こ
れを素粒子の質量，すなわち，動かしにくさの起源だと考え
るわけです。質量が大きい（重い）素粒子ほど，ヒッグス粒
子と頻

ひん
繁
ぱん
にぶつかることになります。

ヒッグス粒子がなかったら，私たちは存在できない
　一方，光子のような質量ゼロの素粒子は，ヒッグス粒子と
衝突しません。光が自然界の最高速度（光速，秒速約 30万
キロメートル）で進めるのは，このためです。

　逆にいえば，光子は真空中を光速以下で進むことはできま
せん。光子は，生まれた瞬間から光速で動きつづける運命な
のだといえます。ヒッグス粒子がなければ，私たちの体をつ
くっている電子などの素粒子も，光速で進んでしまい，その
場に留まっていられなくなります。物体の構造が保たれてい
るのは，真空にヒッグス粒子が満ちているおかげなのです。
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Part 2 素粒子論入門
ヒッグス粒子①

＊： 真空に満ちているのは「ヒッグス場」で，加速器を使ってヒッグス場から
たたき出される（次ページ参照）のが「ヒッグス粒子」と使い分ける方が，
より正確ですが，この記事では「ヒッグス粒子」で統一することにします。
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Particles slow down Without Higgs,
we evaporate in

a billionth of a second



I hated it!

• Higgs boson is the only spin 0 particle in the standard 
model

• we have never seen one before

• one of its kind, no context

• but does the most important job


• looks very artificial

• we still don’t know dynamics behind the Higgs 

condensate

• Higgsless theories: now dead



Context for  
Scalar Bosons?

Supersymmetry

• Higgs just one of many scalar bosons

• SUSY loops make mh2 negative

• superpartners


composite

• spins cancel among constituents

• condensate by a strong attractive force, holography

• top partner, pNGBs, vector-like quarks


Extra dimension

• Higgs spinning in extra dimensions

• new forces from particles running in extra D

• KK particles

a different “naturalness” argument



By A Pomarol

preferred

preferred

Supersymmetry

Hyung Do Kim



Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….
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⟨φ†3φ3⟩ for mH = 125 GeV

No singularity ⇒ no baryogenesis or gravity background.
22

Mikko Laine (Bern)

for mh=125GeV, it is crossover
No phase transition in the Minimal Standard Model

⟨H⟩=0 from gauge invariance (Elitzur)
⟨H†H⟩ is not an order parameter
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Higgs as a portal
• Higgs boson may connect the Standard Model to other 

“sectors”

hidden
sector

Higgs
sector

SU(3)CxSU(2)LxU(1)Y

quarks
leptons

L = OhiddenH
†
H



History of Colliders

1. precision measurements of neutral current (i.e. polarized 
e+d) predicted mW, mZ


2. UA1/UA2 discovered W/Z particles

3. LEP/SLC nailed the gauge sector

1. precision measurements of W and Z (i.e. LEP + Tevatron) 

predicted mt and mH

2. Tevatron discovered top, LHC discovered a Higgs particle  
3. LC nails the top & Higgs sector?

1. precision measurements at LC predict ???



©Particle Fever

Standard Model

Force Carriers

Leptons

Quarks Higgs
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Higgs as central theme
• Higgs is at the center of the Standard Model


• the only particle that talks to everybody


• the only particle that doesn’t spin


• the only particle that is condensed in the universe


• the lowest order coupling to new physics


• the source of all masses of elementary particles


• We don’t know why it is the case for any of the points 
above


unbelievably important & special particle!



• goal: establish deviation from the SM

• Effects of high-energy physics mostly 
disappear by power suppression

• can be classified systematically

Effective Field Theory

L = LSM +
1

⇤
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where the + . . . inside the large brackets are terms which evaluate to zero upon performing
the contour integrals. This is the Hilbert series for dimension-five operators in the SM EFT.
One readily identifies that the Hilbert series is picking up the well known operators which
give neutrino masses.

Repeating this at order ✏6 we obtain the Hilbert series for dimension-six operators of
the SM EFT:

bH6 = H3H† 3 + u†Q†HH† 2 + 2Q2Q† 2 +Q† 3L† +Q3L+ 2QQ†LL† + L2L† 2 + uQH2H†

+2uu†QQ† + uu†LL† + u2u† 2 + e†u†Q2 + e†L†H2H† + 2e†u†Q†L† + eLHH† 2 + euQ† 2

+2euQL+ ee†QQ† + ee†LL† + ee†uu† + e2e† 2 + d†Q†H2H† + 2d†u†Q† 2 + d†u†QL

+ d†e†u† 2 + d†eQ†L+ dQHH† 2 + 2duQ2 + duQ†L† + de†QL† + deu2 + 2dd†QQ† + dd†LL†

+2dd†uu† + dd†ee† + d2d† 2 + u†Q†H†GR + d†Q†HGR +HH†G2
R
+G3

R
+ uQHGL

+ dQH†GL +HH†G2
L
+G3

L
+ u†Q†H†WR + e†L†HWR + d†Q†HWR +HH†W 2

R
+W 3

R

+uQHWL + eLH†WL + dQH†WL +HH†W 2
L
+W 3

L
+ u†Q†H†BR + e†L†HBR

+ d†Q†HBR +HH†BRWR +HH†B2
R
+ uQHBL + eLH†BL + dQH†BL +HH†BLWL

+HH†B2
L
+ 2QQ†HH†

D + 2LL†HH†
D + uu†HH†

D + ee†HH†
D + d†uH2

D + du†H† 2
D

+ dd†HH†
D + 2H2H† 2

D
2 . (3.16)

Setting all of the spurions equal to unity gives bH6 = 84, the total number of independent
local operators at dimension 6, but more information is contained in eq.(3.16). For instance,
the counting can easily be further decomposed by baryon number violation, 76 + 8. The
perhaps more familiar ‘59 + 4’ counting is one in which hermitian conjugates of fermionic
operators are not counted separately (such counting can of course also be obtained from
eq. (3.16)).

Explicit form of the operators

At low dimensions (including dimension 7 and 8), explicitly constructing an operator basis
requires minimal effort. For example, the +Q3L term in eq. (3.16) tells us that there
is one independent operator composed of three powers of Q and one power of L; the
+2LL†QQ† term that there are two independent operators composed of one power each of
L,L†, Q and Q†; the +2HH†QQ†

D term that there are two independent operators com-
posed of H,H†, Q,Q† and one covariant derivative, etc. Exactly how derivatives act and
how Lorentz and gauge indices are contracted is information beyond what the Hilbert se-
ries can provide. However, such information can be easily deduced for low-order terms.
For example, in the 2HH†QQ†

D term, because the combination QQ† has to be formed
into a Lorentz singlet, it follows there must be a /D = �µDµ, i.e. Q̄�µQDµ; the gauge
indices can be contracted in two inequivalent ways: i

⇥
H†(DµH)� (DµH†)H

⇤
Q̄�µQ and

i
⇥
H†⌧a(DµH)� (DµH†)⌧aH

⇤
Q̄�µ⌧aQ, where ⌧a are the SU(2)W generators.

Multiple flavors

The inclusion of additional fermion families is trivial—simply add the extra fields into the
PE. Alternatively the PE of each fermion family can be raised to the power of Nf—the
results we selected to show below use this counting for ease of display, but in doing this

– 11 –

D : space time derivative

it took community from 1980 to 2013



CFT to classify operators
Henning, Lu, Melia, HM
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e+e–

• simple kinematics


• no loss of the longitudinal 
momentum (modulo photon 
emission)


• can make use of all final states


• not just easily identifiable 
particles (i.e. leptons@LHC)


• capture all information for a 
given event

Volume 1: Physics 2.4. Higgs measurements at ILC at 250 GeV
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Figure 2.4.8: Higgs recoil mass distribution in the Higgs-strahlung process e+e�
!

Zh, with (a) Z ! µ+µ� and (b) Z ! e+e�(n�). The results are shown for
P (e+, e�) = (+30%, �80%) beam polarization. These distributions give the Higgs
boson mass with no assumptions required concerning the Higgs decay modes.
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Power of electron polarization at ILC

Unpolarized

Scalar muon production

Background signalPolarized    (90%  e-R)

µ

µ

beam

θacop µ

µR
~

Sachio Komamiya @ Snowmass 2013
polarization important tool for separating different EFT operators



production mechanisms

Volume 1: Physics 2.4. Higgs measurements at ILC at 250 GeV
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Chapter 2. Higgs Boson
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Figure 2.4.6: Feynman diagrams for the three major Higgs production processes at
the ILC: e+e�

! Zh (left), e+e�
! ⌫⌫H (center), and e+e�

! e+e�H (right).

measurements of the properties of the Standard-Model-like Higgs boson candidate
found at the LHC.

The precision Higgs program will start at
p

s = 250GeV with the Higgs-strahlung
process, e+e�

! Zh (Fig. 2.4.6 (left)).The production cross section for this process
is plotted in Fig. 2.4.7 as a function of

p
s together with that for the weak boson

fusion processes (Figs. 2.4.6-(center and right)). We can see that the Higgs-strahlung
process attains its maximum at around

p
s = 250GeV and dominates the fusion

processes there. The cross section for the fusion processes increases with the energy
and takes over that of the Higgs-strahlung process above

p
s >

⇠ 400 GeV.

The production cross section of the Higgs-strahlung process at
p

s ' 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb�1 of integrated luminosity. With 250 fb�1, about 8.⇥104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main
goals of the ILC. Only after this study is completed can we settle the question of
whether the new resonance is the Standard Model Higgs boson, a Higgs boson of a
more general theory, or a particle of a di↵erent origin. Particular important for this
question are the values of the Higgs boson mass, mh, and the Higgs production cross
sections and branching ratios.

In this section and the following ones, we will present the measurement accu-
racies for the Higgs boson properties expected from the ILC experiments. These
measurement accuracies are estimated from full simulation studies with the ILD and
SiD detectors described in the Detector Volume of this report. Because these full-
simulation studies are complex and were begun long before the LHC discovery, the
analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two

42 —DRAFT— Last built: March 31, 2013

Chapter 2. Higgs Boson
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1000 GeV will provide a higher statistics sample of Higgs bosons, as discussed above.
We thus expect about 100 events for the h ! µ+µ� mode. Since the cross sections
for the e+e�

! W+W�
! µ+⌫µµ�⌫µ and e+e�

! ZZ ! µ+µ�ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would
expect a meaningful measurement of the muon Yukawa coupling. An earlier fast
simulation result showed that a 5 � signal peak would be observed with a 1 ab�1

sample for mh = 120 GeV [122,123]. More recent full simulations by SiD and ILD
showed that indeed we would be able to measure � ⇥ BR(h ! µ+µ�) to 32% for
mh = 125GeV even with the full beam-induced backgrounds. Together with the
tau Yukawa coupling from the h ! ⌧+⌧� branching ratio, this measurement will
provide an insight into the physics of lepton mass generation. With the charm
Yukawa coupling from the h ! cc branching fraction, this also will allow us to probe
the mass generation mechanism for the second generation matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measure-
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arXiv:1908.11299
8 Michael Peskin yesterday

polarization buys x2.5 in statistics



# of “largely” improved H couplings (EFT)

Factor ≥2 Factor ≥5 Factor ≥10 Years from T0

CLIC380 9 6 4 7
FCC-ee240 10 8 3 9
CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
CLIC1500 10 7 7 17
HE-LHC 1 0 0 20
ILC500 10 8 6 22
CLIC3000 11 7 7 28
FCC-ee/eh/hh 12 11 10 >50
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13 quantities in total

Initial 

run

2nd/3rd

Run ee

ee,eh & hh

NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107

hh

Beate Heinemann @ Granada
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not elementary

What is Higgs really?

Lumi 1920 fb-1, sqrt(s) = 250 GeV	
Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM) 
has siblings?  (2DHM) 

not elementary?



twin Higgs, dark sector
Invisible H decays: H→ET

miss

Direct searches dominate sensitivity
◦ HL-LHC will have sensitivity to ~2.6%
◦ e+e- colliders improve to ~0.3%
◦ FCC-hh probes below SM value: ~0.025% 
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Introduction Higgs to invisible

Caterina Doglioni - 2019/05/13 - European Strategy Update

Comparison to direct detectionBSM scalar mediator

Higgs portal, plot for direct searches
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• Limits on BR can be translated to 
limits in the DM-nucleon plane 

arXiv:1708.02245 
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Caveat: EFT validity 
in Higgs-DM 
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baryogengesis + DM

SU(2) x U(1)
SU(2) x U(1)

SU(3)SU(3)

SMdark sector
2 Higgs doublets 

with CPV 
1st order PT

heavy leptons 
play role of 
top quark

Bdark=Ldark νR
LSM→BSM

light u, d

n, p, π– γ’ – γ mixing
e+e–

π0

Eleanor Hall, Thomas Konstandin, Robert McGehee, HM + Géraldine Servant
arXiv:1911.12342

Higgs



Higgs →dark sector →SM

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)
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(ττ)(ττ) (jj)(γγ) (γγ)(γγ)
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B
R
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→
E
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12

Zhen Liu, Lian-Tao Wang, Hao Zhang, arXiv:1612.09284 



Why is Higgs condensed?
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case for Higgs at LC


